Aschoff [1] stated that light could affect the circadian rhythm in two ways: non-parametric and parametric. It is well known that non-parametric light is needed to adjust the circadian rhythm in non-human primates [2, 3] ; e.g., a single exposure to light early and late in the subjective night induces a phase delay and advance, respectively, in the squirrel monkey, Saimri sciureus [4] . On the other hand, the parametric influence of light on non-human primates is upon the period and range of circadian rhythm oscillation. For example, the free-running circadian period () of activity was longer under constant bright light than under constant dim light conditions in the pig-tailed macaque, Macaca nemestrina [5] , and also in the squirrel monkey, Saimri sciureus [6, 7] . The of core temperature was also longer under constant bright light than under constant dim light conditions, which was accompanied by a reduction in the range of core temperature oscillation [7] . However, how the entrained circadian rhythms of core temperature and activity in the monkey species may be influenced under bright/dim light intensity during the daytime remains to be studied. On the other hand, Tokura and his colleagues disclosed that bright/dim light intensity during the daytime could induce a different nocturnal level of core temperature and urinary melatonin in entrained humans. Furthermore, bright light during the daytime accelerated the morning rise and the evening fall of core temperature [8] . Bright light during the daytime decreased core temperature to lower values during the evening and nighttime than did dim light [9] [10] [11] , and significantly increased the excretion of melatonin during the nighttime [12, 13] . The bright/ dim light exposure during the daytime seems to have a profound influence on the physiological responses in humans. With this in mind, using three Japanese macaques, we endeavored to study: (1) how the circadian rhythms of core temperature and activity entrained by light-dark cycles are influenced by bright/ dim light intensity during the light phase, (2) whether or not similar findings observed in humans could be valid also in the animal kingdom, and (3) the influence of bright/dim light intensity during the daytime on the circadian rhythms under repeated schedules because it is still unclear in both humans and animals. Japanese Journal of Physiology, 52, 573-578, 2002 Key words: light intensity, circadian rhythm, Japanese macaque (Macaca fuscata fuscata).
Materials and Methods
Animals and maintenance. One male (monkey 1) and two female (monkey 2, 3) adult Japanese macaques (Macaca fuscata fuscata), ages between 20 and 23 years and weighing 4.5, 8.0, and 6.1 kg, respectively, were used. Monkeys were individually maintained in stainless steel cages (D 700ϫW 480ϫH 850 mm) and each cage was enclosed in a ventilated wooden isolation chamber, of which the interior was painted white. The ambient temperature and humidity were kept at 24Ϯ2°C and 50%, respectively. Light was provided by white fluorescent lights fixed in a light box to the ceiling above the cage. Light intensities at the monkeys' eye level were 180 lx (dim light) and 3,500 lx (bright light). Lights were on from 0600 h to 1800 h, with no light present from 1800 h to 0600 h. In order to prevent ambient temperature from becoming higher when the lights were on, a ventilator was attached on the wall and the light box was covered with a board made of heat-reflecting material. The diet consisted of standard monkey pellets (20 g/kg/d), sweet potato (50-100 g/d), and banana (100 g/d). Since a regular feeding time made squirrel monkeys display a peak of activity and increased core temperature before feeding [14] , in order to avoid this in the present experiment, the food cup was filled at different times during the experiment. Water was available ad libitum. The care of the animals and the experimental procedures were in accordance with the Guidelines for the Care and Use of Laboratory Primates established by the Primate Research Institute, Kyoto University.
Procedure. The Japanese macaque has nonmating (spring and summer) and mating (autumn and winter) seasons. The menses occurs every 26.3Ϯ5.4 d only during the mating season [15] . The testes are largest in the mating season, but gradually regress in the non-mating season [16] . From this evidence, some physiological changes may exist between the mating and non-mating season. If core temperature is influenced by the two phases of the menstrual cycle in the Japanese macaque (although this is still unclear), this might lead to an erroneous interpretation of the results obtained in the present experiment. Therefore, we conducted it only during the non-mating season. The experiment lasted for 3 weeks: a dim light condition (Dim 1) for the first week, a bright light condition (Bright) for the second week, and another dim light condition (Dim 2) for the third week.
The piezo-electric omni-directional activity counter (ACTIWATCH, Mini Mitter Company, Inc., Bend, OR, USA) was attached to each monkey's collar to quantify the amount of activity. The Actiwatch has dimensions of 28ϫ27ϫ10 mm, weighs 17 g, has a 0.01 g sensitivity, and collects data 32 times per second. We used an epoch of 2 min to accumulate and analyze the activity data. The activity included not only body movement, but also grooming and tremor.
The micro data recorder system for measuring the core temperature (Model MDS-T, ALEC ELEC-TRONICS Co., Ltd., Kobe, Japan; accuracy: 0.01°C; 18 mm in diameter, 145 mm in length, and 37 g in weight) was used to measure and record the core temperature every 20 min. This transmitter has a memory buffer which can record 12,000 measurements. It was implanted intraperitoneally after a 3 cm incision along the abdominal median line had been made under anesthesia, ketamine (5 mg/kg) and xylazine (1 mg/kg). The transmitter was fixed to the abdominal wall inside the pelvis with a silk thread (size no. 8) in order to stabilize it. The threads were fastened subcutaneously using a button (2 cm diameter). This was to prevent the securing threads from being pulled into the abdomen and prevent the transmitter from moving inside the abdomen. When the incision had healed, which took at least 7 d, we removed the stitches under anesthesia, ketamine (5 mg/kg) and xylazine (1 mg/kg). Measurements started at least 3 d after removing the stitches because this amount of time was necessary for the core temperature to stabilize.
Data analysis. The data obtained from the 4th to 7th day under each condition were analyzed, because there is literature reporting that it took at least 3 d until the responses of the circadian rhythms of melatonin and core temperature by diurnal dim/bright light exposure were completed [8] [9] [10] [11] [12] [13] . The mean values of core temperature during the daytime (0600 h to 1800 h) and nighttime (1800 h to 0600 h) were calculated for each day. The minimum, maximum, acrophase, and amplitude of core temperature for each day were estimated by single cosine analysis (on the assumption that the period was 24 h). The amount of activity during the daytime and nighttime was summed from 0600 h to 1800 h and 1800 h to 0600 h, respectively. Furthermore, we defined the activity onset time as the time when the activity rose above the daytime mean in the morning, and the activity offset time as the time when the activity fell below this daily mean in the evening. To make these estimations, the activity record was first smoothed by averaging a total of 11 points before and 5 points after a record. We also determined the duration of activity by subtracting the activity onset time from the activity offset time.
Results and Discussion
Core temperature. Figure 1 depicts the aver-age circadian rhythms in core temperature in the three monkeys under the three light conditions. The data in this figure are double-plotted so that the left and right circadian rhythms are averaged from days 4 to 7 and days 5 to 7, respectively. It should be noticed that nocturnal levels in the core temperatures dropped more deeply in all three macaques without exception in the Bright phase as compared to the Dim 1 phase, but the condition changing back from Bright to Dim 2 did not result in the minima returning to values observed for monkeys 2 and 3 in the Dim 1 phase. Monkey 1 was slightly different in that, during the Dim 2 phase, the temperature minima increased to values found in the Dim 1 phase. Table 1 compares the average daytime value (0600 h to 1800 h), nighttime value (1800 h to 0600 h), acrophase, maximum, minimum, and range of core temperature oscillation under the three light conditions of Dim 1, Bright, and Dim 2. As seen here, the average nighttime values became clearly lower in all three monkeys when the monkeys were transferred from the Dim 1 phase to the Bright phase. It is also noticed that the average nighttime values were clearly lower in the Dim 2 phase than in the Dim 1 phase.
The minimum values were lower in the Bright phase than in the Dim 1 phase for all three monkeys, but no consistent differences were observed with the maximum. As a result, the range of oscillation was greater in the Bright phase than in the Dim 1 phase. It should be also noticed that the minimum values in the Dim 2 phase did not recover to equal those in the Dim 1 phase in two monkeys, only monkey 1. There were no differences in the average daytime value, acrophase, and maximum among the three light conditions.
Core temperature during the nighttime was observed to be lower in the Bright phase than in the Dim 1 phase. The present findings suggest that the findings observed in humans [9] [10] [11] may be valid for nonhuman primates. The mechanism involved in core temperature might be that the bright light during the daytime directly influenced the circadian oscillation of core temperature or/and indirectly influenced melatonin, which has anapyretic properties, and increased the amount of melatonin released during the night [12, 13] , resulting in the lower core temperature during the nighttime. However, the value of nocturnal core temperature in the Dim 2 phase did not recover to the value observed in the Dim 1 phase in two out of three monkeys. This might be due to the dim light as the weak Zeitgeber. According to Czeisler et al. [17] , the circadian phase of core temperature was phase-shifted by ca. 180°C when an individual worked at night under bright light (7,000-12,000 lx) for 6 d, while the phase-shift of core temperature rhythm did not occur under dim light (ca. 150 lx) for 6 d. In our present experiment, the ambient light intensity was 180 lx under Daytime Bright Light, Circadian Rhythm Table 1 . The average values of daytime value (0600 h to 1800 h), nighttime value (1800 h to 0600 h), acrophase, maximum, minimum, and range of oscillation in the core temperature in the Dim 1, Bright, and Dim 2 phases.
the dim light condition. Therefore, it is presumable it may have taken more than 1 week for the core temperature to have become stable under the dim light condition, or that it might not have been readjusted to the new phase. However, monkey 1 showed that during the Dim 2 phase, the temperature minima recovered to values found in the Dim 1 phase (Fig. 1) , indicating that it may favor the former possibility. This is probably the reason why the value of the core temperature in the Bright phase was observed also in the Dim 2 phase.
Activity. Figure 2 shows a typical example of activity (monkey 3) under the three light conditions. As seen here, activity onset occurred earlier in the Bright phase than in the Dim 1 and Dim 2 phases, while no consistent differences were observed in activity offset time. Table 2 compares average amounts of activity during the daytime and nighttime, the activity onset and offset times, and activity duration time under the three conditions. Due to technical failure, we collected the activity data from monkeys 2 and 3 only. There were no differences in the amount of activity under the three light conditions. When the ambient light was changed from the Dim 1 phase to the Bright phase, the activity onset time became earlier. When the ambient light was changed from the Bright phase to the Dim 2 phase, the activity onset time returned towards the values seen in the Dim 1 phase, but the process was incomplete. Thus, the activity onset time was earlier in the Dim 2 phase than in the Dim 1 phase. On the other hand, the activity offset times did not differ between the phases; as a result, the activity duration time was longer in the Bright and Dim 2 phases than in the Dim 1 phase.
Overt activity rhythm is affected not only by the circadian organization, but also by the masking effect of light and darkness. A single exposure to light early and late in the subjective night induces phase delay and advance, respectively [4] . The magnitude of the phase shift is positively correlated with light intensity [18] . On the other hand, light and darkness could also force the monkey to be active and inactive, respectively [19] . A large transient increase and a brief change in drinking behavior occurred following "light on" and "light off," respectively [20] . So, our finding that the activity onset time advanced in the Bright phase as compared to the Dim phase is supposed to reflect the phase response curve or/and masking effects (i.e., "forced activity"). However, close observation showed that sometimes activity onset started a little earlier before "light on" (Fig. 2) , indicating that it may favor the former possibility. No difference in activity offset time between the Bright and Dim phases might be due to the masking effect by darkness (i.e., "forced inactivity"). So, there is the possibility that the probable differences in the activity offset time between the two light conditions seem to be obscured by such masking effects. We originally predicted that the amount of activity would differ between the bright and dim light conditions, judging from the increased level of activity that had been observed in the squirrel monkey, Saimiri sciureus, and the pig-tailed macaque, Macaca nemestrina, under continuous bright illumination as compared to continuous dim illumination through the day and night [5, 6] , and also the fact that the monkeys prefer brighter light [21] . However, the amount of activity did not differ between the two light intensities, either during the daytime or the nighttime. The reason for this might be that the amount of activity is not influenced within the range of light intensities investigated in the present study.
It is concluded that diurnal bright light could reduce and advance the nocturnal core temperature and activity onset time, respectively. These results suggest the possibility that different light intensities during the daytime could alter the circadian organization of core temperature and activity in the Japanese macaque (Macaca fuscata fuscata).
Daytime Bright Light, Circadian Rhythm Table 2 . The average value of amount of activity during the daytime (0600 h to 1800 h) and nighttime (1800 h to 0600 h), onset time, offset time, and duration time of activity in the Dim 1, Bright, and Dim 2 phases.
The values were obtained by averaging those from the 4th to 7th day in each phase.
